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The SWI2/SNF2 gene family has been implicated in a wide variety of processes, involving regulation of DNA structure
and chromatin con®guration, mitotic chromosome segregation, and DNA repair. Here we report the characterization
of the Zbu1 gene, also known as HIP116, located on human chromosome band 3q25, which encodes a DNA-binding
member of this superfamily. Zbu1 was isolated in this study by its af®nity for a site in the myosin light chain 1/3
enhancer. The protein has single-stranded DNA-dependent ATPase activity, includes seven helicase motifs, and a
RING ®nger motif that is shared exclusively by the RAD5, spRAD8, and RAD16 family members. During mouse
embryogenesis, Zbu1 transcripts are detected relatively late in fetal development and increase in neonatal stages,
whereas the protein accumulates asynchronously in heart, skeletal muscle, and brain. In adult human tissues, alterna-
tively spliced Zbu1 transcripts are ubiquitous with highest expression in these tissues. Gene expression is also
dramatically induced in human tumor lines and in Li-Fraumeni ®broblast cultures, suggesting that it is aberrantly
regulated in malignant cells. The developmental pro®le of Zbu1 gene expression and the association of the protein
with a tissue-speci®c transcriptional regulatory element distinguish it from other members of the SWI2/SNF2 family
and suggest novel roles for the Zbu1 gene product. q 1997 Academic Press
INTRODUCTION terson and Herskowitz, 1992). These proteins can en-
hance gene regulation by steroid receptors through physi-
cal interaction (Yoshinaga et al., 1992), and the humanThe selective accessibility of DNA is emerging as an
counterpart of the yeast SWI2/SNF2 protein mediatesimportant control point in the regulation of gene expres-
nucleosome disruption, thereby enhancing activatorsion. A genetic relationship between transcriptional
binding to basal promoters (Imbalzano et al., 1994; Kwoncompetence and template accessibility was ®rst estab-
et al., 1994). Structural features of the SWI2/SNF2 pro-lished in yeast by the discovery that mutations in genes
teins are shared by a growing superfamily of regulatorsencoding chromatin components could alleviate the ef-
that recon®gure DNA to control gene transcription, tofects of mutations in SWI2/SNF2 genes (Happel et al.,
replicate DNA, and to repair damaged DNA. They in-1991; Hirschhorn et al., 1992; Laurent and Carlson,
clude Drosophila brahma, which regulates homeotic1992), which are global activators of transcription (Pe-
gene activation (Tamkun et al., 1992), and mammalian
brm homologs (Khavari et al., 1993; Muchardt and Yaniv,
1993; Randazzo et al., 1994); yeast MOT1, which re-1 The ®rst two authors contributed equally to this work.
2 Present address: Department of Cell Biology, Scripps Research presses RNA polymerase II transcription through the in-
Institute, La Jolla, CA 92037. hibition of TBP binding to DNA (Auble et al., 1994); hu-3 Department of Experimental Oncology, St. Jude Children's Re- man ERCC6/CSBC and several yeast RAD proteins in-
search Hospital, Memphis, TN 38105, and Department of Pediat-
volved in repair of DNA damage (Bang et al., 1992; Doerics, University of Tennessee College of Medicine, Memphis, TN
et al., 1993; Emery et al., 1991; Johnson et al., 1992;38163.
Troelstra et al., 1992); and Drosophila lodestar, required4 To whom correspondence should be addressed. Fax: (617) 724-
9561. for chromosome segregation (Girdham and Glover, 1991).
166
0012-1606/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID DB 8486 / 6x19$$$221 03-03-97 03:29:01 dba
167Developmental Regulation of Zbu1
FIG. 1. Southern analysis of the human Zbu1 locus. Each lane contains 10 mg of normal human genomic DNA digested with the indicated
restriction enzyme. The left panel was hybridized with a 32P-labeled fragment (1±336 bp) corresponding to the 5* region of Zbu1 cDNA,
while the right panel was hybridized with a fragment (337±1296 bp) corresponding to a more 3* region of Zbu1 cDNA.
Although the regulatory roles played by these proteins human tumor cells. These properties suggest a novel role
for Zbu1 as a potential modulator of selective accessibil-are diverse, they may share an enzymatic function that
uses ATP hydrolysis to rearrange chromosome-associ- ity during transcription, DNA replication, or repair.
ated proteins for a variety of DNA-dependent transac-
tions. The mechanism targeting these proteins to speci®c
DNA sites is unclear, since with one exception (Delmas MATERIALS AND METHODS
et al., 1993) they do not contain sequence-speci®c DNA-
binding domains and are therefore likely to rely on inter- Cloning and Characterization of Zbu1 cDNA
actions with other DNA-binding proteins for their local-
A partial Zbu1 cDNA (330±1300 bp) was obtained by screeningization to selected chromosomal sites.
a HeLa lgt11 phage cDNA expression library with a probe con-In this study we report the structural, functional, and
taining a copy of the BMW site from the MLC1/3 enhancer (5*-developmental characterization of the Zbu1 gene, iso-
TCGACAAATTACCATGTGTG-3*) at speci®c activity of 1 1 106lated by its af®nity for an E box in the downstream en-
cpm/ml. Standard procedures were followed for screening as pre-hancer of the myosin light chain (MLC) 1/3 locus (Do-
viously described (Ausubel et al., 1993). Positive plaques were puri-
noghue et al., 1988). The human Zbu1 coding region is ®ed and subcloned into Bluescript II (Stratagene) for DNA sequence
identical to the HIP116 gene, isolated by its af®nity for by the Sequenase version 2 sequencing kit (Amersham). Since the
a site in the SV40 enhancer (Sheridan et al., 1995), and original clone was truncated at both ends, subsequent rescreening
includes a partial sequence 6D3, isolated in a screen for of a HeLa cDNA library identi®ed multiple partial clones which
eventually were constructed to obtain the full-length Zbu1 (4281factors binding to the promoter of the PAI-1 gene
bp). To identify alternative sequences in the 3* end of Zbu1, 3 mg(Descheemaeker, 1993). The Zbu1 protein contains the
of HeLa mRNA was reversed transcribed into cDNA by using M-characteristic SNF2/SWI2 family ATPase binding motif
MLV reverse transcriptase (GibcoBRL) and the resulting cDNA wasand helicase motifs, as well as a RING motif in the C-
PCR ampli®ed with 100 ng of primers (primer 1: 5*-GGGGAATTC-terminus that is exclusively present in RAD5 (S. cerevis-
CTGTGATAACACATTGTGT-3* and primer 2: 5*-AATTCTGCA-iae) and RAD8 (S. pombe) homologs and in RAD16 (S.
GCAAATAAGTTTGC-3*). The conditions used were 947C for 45
cerevisiae) proteins of this family. The Zbu1 gene prod- sec, 607C for 45 sec, and 727C for 1 min 45 sec, continued for
uct is further distinguished by its unique DNA-binding 30 cycles. The PCR product was subcloned into Bluescript II and
domain, the asynchronous accumulation of the protein sequenced. Computer analysis of the nucleic acid and protein se-
in postmitotic tissues during mouse development, its se- quence was performed with the GCG Package, Version 7. The Zbu1
laboratory nomenclature, chosen to denote the hybrid structure oflective expression in the adult, and by its induction in
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FIG. 2. Structure of Zbu1 and other members of the SWI2/SNF2 gene family. (A) Deduced amino acid sequence of the full-length human
Zbu1 cDNA. The initiator Met was assigned to the ®rst ATG in the longest reading frame. The ATP-binding motif is shown in bold and
the RING ®nger domain is underlined. (B) Zbu1 gene structure and homologies with other SWI2/SNF2 family members. Transcript map
shows the position of an alternatively spliced 0.8-kb sequence in the 3*UTR. The Zbu1 coding region contains DNA-binding (…) and ATP-
binding ( ) domains, six helicase motifs ( ), and a RING ®nger domain (j) present exclusively in the yeast RAD16 (Bang et al., 1992),
spRAD8 (Doe et al., 1993), and RAD5 (Johnson et al., 1992) genes. The regions and percentages of similarity are shown between Zbu1
and the RAD proteins, human SNF2 (Okabe et al., 1992), human BRG1 (Khavari et al., 1993), and Drosophila lodestar (Girdham and
Glover, 1991).
the protein, was derived from zebu, a hybrid strain of humped cattle FISH Analysis
produced by crossing Asian brahma cows with yaks, ®rst so named
Puri®ed DNA from a bacteriophage clone containing the Zbu1at a Paris cattle fair in 1752 and later noted by Darwin as an example
locus was labeled with digoxygenin dUTP by nick translation. La-of purposeful variability (Darwin, 1859).
beled probe was combined with Cot1 DNA (BRL) and hybridized
to normal metaphase chromosomes derived from phytohemaggluti-
nin-stimulated peripheral blood lymphocytes in a solution con-Cloning of Zbu1 Genomic Sequences
taining 50% formamide, 10% dextran sulfate, and 21 SSC. Zbu1-
A genomic DNA library prepared from a pre-B lymphocytic leu- speci®c signals were detected by incubating the hybridized slides
kemia cell line SupB2 in Lambda DASH bacteriophage (Stratagene) with ¯uorescein-conjugated antidigoxygenin antibodies. The chro-
was screened with 5* and 3* fragments of human Zbu1 cDNA. The mosomes were then counterstained with propidium iodide and ana-
probes were labeled with [32P]CTP (NEN/Dupont) by the random lyzed by ¯uorescence microscopy.
oligonucleotide primer method (Feinberg and Vogelstein, 1984).
Candidate clones were plaque puri®ed, and sites of restriction endo-
nuclease cleavage were deduced by conventional methods. The nu- RNA Analysis
cleotide sequence of portions of the genomic clones containing
coding sequences were determined by dideoxy sequencing, using The human tissue poly(A)/ mRNA blot was obtained from Clon-
tech (Palo Alto, CA). Total cellular RNA was isolated from celldouble-stranded DNA templates subcloned in Bluescript plasmid
vectors (Stratagene). lines as described (Ausubel et al., 1993). For RNA analysis, a frag-
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FIG. 3. Chromosomal localization of Zbu1 by ¯uorescence in situ hybridization. Fluorescence in situ hybridization (FISH) analysis using
a digoxygenin-labeled Zbu1 genomic probe localized to chromosome 3 band q25 in normal metaphase cells. The white arrow highlights
the positive signal at adjacent positions on sister chromatids in a representative metaphase.
ment of Zbu1 cDNA from 1 to 1107 bp was labeled with 32P by PCR ampli®cation of mouse F9 cell RNA, as follows. Primer 1 (5*-
GGYTCCATYTCRTGIGTYTTRTCRTCYTC-3*) was used toT7QuickPrime kit (Pharmacia) and hybridized and washed ac-
prime a ®rst-strand synthesis reaction containing 1 mg of totalcording to the manufacturer's speci®cations (Zetabind, CUNO Lab-
RNA. A portion of the reverse transcription reaction was used asoratory Products).
template in a PCR reaction containing primers 2 (5*TGGATGTTY-
AARGIGAYCCIGTITGGAA-3*) and 3 (5*-GCYTTICKRTTYTCY-
TCYTTICCCCA-3*). The ends of the PCR product were bluntedIn Situ Hybridization
by Klenow and cloned into the EcoRV site of the M13 vector
Normal human and Li-Fraumeni ®broblasts (passage 160) were Phagescript (Stratagene). DNA from individual plaques was se-
a generous gift from S. Friend. Cells were cultured on NUNC Tek2 quenced and presented 86% identity at the amino acid level to the
chamber slides and grown to approximately 70% con¯uence in corresponding human Zbu1 sequence. To generate a riboprobe for
DME /10% FCS. The Li-Fraumeni ®broblasts had already under- in situ hybridization of mouse tissues, the insert of an individual
plaque was PCR-ampli®ed using ¯anking universal primers andgone loss of heterozygosity at the p53 locus (S. Friend, personal
transcribed using phage RNA polymerase in the presence of [35S]-communication). Cells were ®xed in 4% paraformaldehyde/PBS for
UTP. Conditions for in situ hybridization were as previously de-1 hr, rinsed in PBS twice for 5 min, and treated with proteinase K
scribed (Grieshammer et al., 1992).(®nal concentration 10 mg/ml). After 2 min at room temperature
slides were rinsed with PBS and subjected to in situ hybridization as
Expression and Puri®cation of His-Zbu1 frompreviously described (Grieshammer et al., 1992), using an [35S]UTP-
Recombinant Baculovirus-Infected Sf9 and Highlabeled antisense riboprobe prepared from human Zbu1 cDNA.
Five CellsTo generate a mouse Zbu1 probe, three degenerate oligonucleo-
tide primers, corresponding to regions ¯anking the putative DNA- Restriction sites NotI and BglII were introduced by PCR into
the 5* and 3* of full-length ZbuI, respectively, and subsequentlybinding domain of the human Zbu1 gene, were used in an RT±
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FIG. 4. Zbu1 expression in normal tissues and in tumor cell lines. (A) Zbu1 expression in normal tissues. Two micrograms of poly(A)/
mRNA from adult human tissues was probed with a radiolabeled Zbu1 cDNA fragment containing codons 30 to 330 under high stringency.
Three Zbu1 transcripts of 6.5, 5.5, and 4.5 kb were detected. Sizes are indicated in kilobases. (B) Zbu1 expression in tumor cell lines.
Twenty micrograms of total RNA from the indicated cell lines was analyzed by Northern blotting, using a Zbu1 cDNA probe similar to
that in (A). Equivalent amounts of RNA were con®rmed with a GAPDH probe (data not shown). WI-38 (human lung ®broblasts), OVCAR-
3 (ovarian adenocarcinoma), HeLa (cervical carcinoma), EJ-6-2-Bam-6a (transformed ®broblasts); U-138 (glioblastoma); MCF-7 (breast
adenocarcinoma); THP-1 (monocytic leukemia); ACHN (renal adenocarcinoma); Hep G2 (hepatocellular carcinoma); CMT-93 (rectum
carcinoma); H9 (T-cell lymphoma).
inserted into pAcSG-His NT-A (PharMingen) containing a 61 CCATGTGTG-3*; BMW/Hox(mt): 5*-GAATTCTAACCTTAG-
GGGATTACCATGTGTG-3*; BMW(mt)/Hox: 5*-GAATTCTAA-histidine tag. The resulting plasmid was cotransfected with Bac-
ulogold DNA (PharMingen) into Sf9 cells by calcium phosphate- CCTTATTAAATTAGGTAATGTG-3*; Right E-box(MCK): 5*-AA-
TTCAAGCTTAGGCAGCAGGTGTTGGATCCGAGGT-3*; SP1:mediated cotransfection. The viral supernatant was reampli®ed
six times before infection of 1 1 108 High Five cells (Invitrogen). 5*-ATTCGATCGGGGCGGGCGAGC-3*; TFIID: 5*-GCAGAGC-
ATATAAGGTGAGGTAGGA-3*.Three days postinfection, cells were collected and lysed in insect
cell lysis buffer (10 mM Tris, pH 7.5, 130 mM NaCl, 1% Triton For the EMSA and Southwestern analysis in Fig. 8, the following
double-stranded probes were used: BMW/Hox: 5*-GGAACTAACC-X-100, 10 mM NaF, 10 mM NaPi, 10 mM NaPPi) with protease
inhibitors (1 mM PMSF, 10 mg/ml aprotinin, 10 mg/ml leupeptin, TTATTAAATTACCATGTGTGAAATGCCTGT-3*; BMW (mt)/
Hox: 5*-GGAACTAACCTTATTAAATTAGGTAATGTGAAAT-10 mg/ml pepstatin A) for 1 hr on ice. The lysate was centrifuged
at 40,000g for 30 min and passed through a 0.5-ml Ni2/ column. GCCTGT-3*.
The column was washed four times with 5 ml of wash buffer
(50 mM Na-phosphate, 300 mM NaCl, 10% glycerol, pH 8). The
Western and Southwestern Blotssample was eluted with 5 ml of elution buffer (50 mM Na-phos-
phate, 300 mM NaCl, 10% glycerol, 100 mM imidazole, pH 6)
For Western blots, 20 mg of crude nuclear extract from differenti-and desalted in a 10-DG column (Bio-Rad) with buffer Z .1 (25
ated C2C12 cells was resolved on a 12% SDS±PAGE minigel andmM Hepes, pH 7.8, 12.5 mM MgCl2 , 1 mM DTT, 100 mM KCl, transferred on to a nitrocellulose membrane. The membrane was20% glycerol) before EMSA. Puri®cation was veri®ed by Coo-
blocked in PBS containing 0.01% Tween 20 and 5% dry milk formassie staining and immunoblot.
1 hr at room temperature, probed with antibody in 1% dry milk for
1 hr at room temperature, followed by hybridizing with secondary
antibody. Rabbit polyclonal antiserum speci®c to Zbu1 was raisedDNA-Binding Assays
against a GST fusion protein (Pharmacia) that contained the N-
terminus (30±368 aa), according to standard protocols. Hox A10For the EMSA in Fig. 7, a double-stranded oligonucleotide con-
taining BMW site and a degenerate 15-bp oligonucleotide were la- antibody was generated against a synthetic peptide, KKMNRENRI-
RELTANC, derived from the sequence of the human gene (Berkeleybeled with 32P by the Klenow reaction as described in Feinberg
and Vogelstein (1984). Various unlabeled probes were used as Antibody Co.).
For the Southwestern blot, separation and transferring of 20 mgcompetitors: BMW/Hox: 5*-GAATTCTAACCTTATTAAATTA-
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FIG. 5. Zbu1 expression in normal and Li-Fraumeni human ®broblasts. In situ hybridization analysis was performed on ®broblasts from
normal human (p53///, top) or patients with Li-Fraumeni Syndrome (p530/0, bottom), using [35S]UTP-labeled antisense riboprobe
generated from a human Zbu1 cDNA clone (see Materials and Methods). Note the increased grain density over cells in the bottom panel.
of crude nuclear extract from C2C12 cells to membrane was similar HBBS containing 3 mg/ml of salmon sperm DNA for 1 hr at room
temperature and probed with 5 1 106 cpm/ml in Hyb75 (20 mMto the procedure for Western blotting above, except the membrane
was blocked in 11 HBBS (25 mM Hepes±KOH, pH 7.7, 25 mM Hepes±KOH, pH 7.7, 75 mM KCl, 0.1 mM EDTA, 2.5 mM MgCl2,
1% dry milk, 0.05% NP-40, 1 mM DTT) for 1 hr at room tempera-NaCl, 5 mM MgCl2, 5% dry milk, 0.05% NP-40, 1 mM DTT)
followed by renaturation in a stepwise dilution from 6 M guanidine ture. Following hybridization, the membrane was washed for 10
min, three times in Hyb75 solution.hydrochloride to 0.187 M. The membrane was blocked again in 11
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FIG. 6. Zbu1 expression during mouse development. In situ hybridization analysis was performed on mouse tissues using [35S]UTP-
labeled antisense riboprobe generated from a mouse Zbu1 cDNA clone (see Materials and Methods). Analysis of intercostal skeletal
muscle, heart, and brain from (A) 14.5- and (B) 18.5-dpc mouse embryos. Dark-®eld (top) and bright-®eld (bottom) images are shown for
each sample. (C) Bright (left)- and dark (right)-®eld analysis of the entire neonatal lens (top) and of a transverse section (bottom) showing
high expression in the super®cial layer of the retina and in the deep enucleated ®ber cells of the lens.
Immunohistochemical Analysis RESULTS
Embryos or adult tissues were ®xed overnight in 4% paraformal-
Structure of the Human Zbu1 Genedehyde, embedded in paraf®n and sectioned. After deparaf®nation
in Hemo D (Fisher) and rehydration, samples were blocked for 1 The human Zbu1 cDNA was isolated in an af®nity screen
hr in PBS with 2% acid-neutralized BSA. The primary anti-Zbu1 for factors binding to the enhancer from the rat MLC1/3
rabbit polyclonal antibody described above was applied at a 1:100 locus. The muscle-speci®c transcriptional activity of MLC
dilution overnight. Detection was by a biotinylated anti-rabbit sec-
enhancer is dependent upon three E boxes, which constituteondary antibody (Sigma), followed by avidin±alkaline phosphatase
binding sites for the MyoD family of myogenic regulators(Sigma), using fast red (Sigma) as a substrate.
(Wentworth et al., 1991). A fourth upstream E box, termed
the BMW box, is dispensable for MLC enhancer activity in
transfected muscle cultures and does not interact with the
ATPase Assay myogenic factors, but binds a ubiquitous protein complex
in electrophoretic mobility shift assays (E.C., U. Griesham-The hydrolysis of ATP was measured as described in (Laurent
mer, M. McGrew, and N.R., manuscript in preparation). Toet al., 1993); dsDNA and ssDNA templates were prepared from
pBluescript (KS0) phagemid (Stratagene). clone this putative regulator, a HeLa l gt11 cDNA expres-
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FIG. 7ÐContinued
sion library was screened using a double-stranded oligonucleo- ing frame that speci®cally bound the BMW probe, as con®rmed
by competition assays with oligonucleotides containing othertide containing a single BMW box. From the screen of 106
plaques, a positive clone was obtained with a single open read- E boxes from the MLC enhancer (data not shown).
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The complete 4.3-kb open reading frame of the gene, (amino acids 1±369) showed that Zbu1 is ubiquitously ex-
pressed and is most abundant in skeletal muscle, heart, andtermed Zbu1 (see Materials and Methods), was isolated in
subsequent DNA hybridization screens of HeLa cDNA li- to a lesser extent brain (Fig. 4A). All tissues contained a 6.5-
kb transcript with a minor species of 5.5 kb seen in selectedbraries. The predicted protein product of 1009 amino acids
has a calculated molecular mass of 116 kDa. Southern blot tissues. A smaller band of 4.5 kb was detected only in brain.
To determine whether the 6.5- and 5.5-kb transcripts aroseanalysis indicated that the Zbu1 sequence is present in sin-
gle copy in the human genome (Fig. 1). As seen in Fig. 2, the from alternative splicing, oligonucleotide primers corre-
sponding to different regions of the Zbu1 cDNA were usedZbu1 protein sequence contains several highly conserved
regions, including an ATPase domain and seven helicase to amplify RNA harvested from HeLa cells (see Materials
and Methods). This analysis revealed an 800-bp sequencemotifs interspersed throughout the protein. These motifs
are shared with the SNF2/SWI2 gene superfamily whose inserted in the 3* untranslated region (UTR) of the original
Zbu1 cDNA (see Fig. 2), indicating that the ubiquitous Zbu1members are implicated in transcriptional regulation (e.g.,
yeast and mammalian SWI2 and Drosophila brahma and its transcripts have alternatively processed 3* UTR sequences.
Northern analysis also revealed that Zbu1 transcript lev-mammalian BRG1 homolog), chromatid separation during
mitosis (e.g., Drosophila lodestar), and repair of DNA dam- els were higher by20-fold in a variety of transformed cell
lines, compared to nontransformed human ®broblast cellsage (e.g., yeast RAD5, spRAD8, and RAD16) (reviewed in
Carlson and Laurent, 1994). However, Zbu1 does not con- or human heart tissue (Fig. 4B). A further characterization
of Zbu1 induction associated with oncogenic transforma-tain a bromodomain characteristic of the brm-related genes
(Kwon et al., 1994) nor does it include a chromodomain, tion was carried out by in situ hybridization analysis of
®broblast cultures from normal human tissue and from pa-implicated in chromatin compaction (James and Elgin,
1986; Messmer et al., 1992). tients with Li-Fraumeni syndrome (LFS), which carry an
inactivated p53 allele. As seen in Fig. 5, Zbu1 transcriptsThe putative ATP-binding domain of Zbu1 between resi-
dues 291 and 308 contains the conserved lysine, which is were expressed at low levels in normal ®broblast cultures,
but were induced to high levels in late passages of culturedcritical for the hydrolysis of ATP (Khavari et al., 1993).
Among members of this superfamily, the Zbu1 protein is ®broblasts from Li-Fraumeni patients, which were highly
proliferative following loss of heterozygosity (LOH) due tomost closely related to RAD16 (33% identity and 57% simi-
larity), a protein involved in preferential repair of nontran- mutation of the second p53 allele. Zbu1 induction is there-
fore associated with loss of p53 heterozygosity in LFS ®bro-scribed sequences (Bang et al., 1995; Verhage et al., 1994).
A zinc-binding domain between Zbu1 residues 759 and 800, blasts.
To investigate whether the induction of Zbu1 expressiontermed the ring ®nger motif (reviewed in Freemont, 1993)
is also shared exclusively by the RAD5, 8, and 16 proteins. was a direct result of loss of p53 heterozygosity, we exam-
ined Zbu1 transcript levels in ®broblasts of a p53-nullThis motif appears in a number of nuclear regulatory pro-
teins (including the DNA-repair protein RAD18, the p53- mouse (Macleod et al., 1995). For this analysis, we generated
a mouse probe corresponding to the human gene by RT±associated protein MDM2, and the proto-oncogene mel-18)
and the two zinc-binding ®ngers may be involved in DNA± PCR of RNA prepared from the mouse F9 cell line, using
degenerate primers from the unique DNA-binding domainprotein interactions and/or protein±protein interactions.
The chromosomal assignment of Zbu1 was determined (see Materials and Methods). The resulting PCR product
was used as a probe for Northern blots of RNA isolatedby ¯uorescence in situ hybridization (FISH) analysis. A hu-
man genomic library was screened with the Zbu1 cDNA from p530/0 mice and from their p53//0 heterozygotic
littermates. Since the effects of p53 deletion are exacerbatedand a single recombinant bacteriophage clone was obtained
and restriction mapped. Nucleotide sequences of portions by DNA damage (Macleod et al., 1995), RNA from p53//
0 and 0/0 mice that had been subjected to whole body g-of this clone were identical to the Zbu1 coding sequence
(data not shown). Normal human metaphase chromosomes irradiation was included in the analysis. In no case was
the level of Zbu1 transcript perturbed from wild-type levelswere hybridized to a probe prepared from the genomic clone.
The Zbu1 probe hybridized to the long arm of chromosome (data not shown), suggesting that the induction of Zbu1
expression seen in LFS ®broblasts may not be directly re-3 at a position which is 62% of the distance from the centro-
mere to the telomere, an area corresponding to band 3q25 lated to loss of p53 heterozygosity.
(Fig. 3). An additional experiment in which a chromosome
3 centromere-speci®c probe (D3Z1) was cohybridized with
Developmental Regulation of Mouse Zbu1the Zbu1 clone was performed in order to con®rm the iden-
Expressiontity of the speci®cally hybridizing chromosome (data not
shown). To characterize the onset of Zbu1 expression during em-
bryogenesis, we used the mouse Zbu1 probe described above
Splicing and Expression of Human Zbu1 for in situ hybridization analysis of mouse embryos. Zbu1
Transcripts transcripts were low in all tissues analyzed from 11.5 days
(data not shown) up to 18.5 days, whereupon the transcriptNorthern blot analysis of various adult human tissues
and cell lines hybridized with a Zbu1 cDNA subfragment accumulated primarily in skeletal muscle, heart, and brain
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(Figs. 6A and 6B). Zbu1 transcript levels continued to rise in competing the Zbu1 complex (lane 2) than was competi-
tor DNA carrying a mutation in the E box (lane 3).in skeletal muscle postnatally, when it was also highly ex-
pressed in the super®cial retinal cells and in the enucleated To further examine the speci®city of the interaction be-
tween the BMW site and Zbu1, total cellular protein pre-cells comprising the lens of the eye (Fig. 6C). Zbu1 tran-
scripts also accumulated ubiquitously at low levels postna- pared from C2C12 myotube cultures was subjected to
Southwestern analysis, using a slightly longer BMW probetally (data not shown), consistent with the human Zbu1
expression pattern in adult tissues (Fig. 4A). (see Materials and Methods). Six cellular proteins bound to
the probe in this analysis, ranging in size from 30 to 116In contrast to the accumulation of Zbu1 transcripts in
late fetal heart and skeletal muscle, immunohistochemical kDa (Fig. 9B, lane 1). To determine if the 116-kDa protein
was indeed Zbu1, the blot was reprobed in a Western analy-analysis revealed a relatively high level of Zbu1 protein
exclusively in the embryonic heart at 11.5 days, followed sis with a polyclonal anti-Zbu1 antibody generated as de-
scribed under Materials and Methods. A single protein ofby a gradual increase in skeletal muscle that did not reach
the levels seen in the heart until 18.5 days (Figs. 7A±7D). 116 kDa reacted with this antibody, con®rming its identity
as Zbu1 (Fig. 9B, lane 2). The major band interacting withZbu1 was also found at high levels in postnatal testes, where
the protein localized to mature sperm and spermatids (Fig. the BMW probe was con®rmed to contain Hox protein by
similar Western analysis using an Hox anti-A10 antibody.7E). In summary, the accumulation of Zbu1 protein (in con-
trast to the expression of the gene) was asynchronous in This is not surprising, since the BMW probe includes an A/
T-rich motif (CTTATTAAATTA) that resembles the con-various postmitotic tissues in the embryo and persisted in
selected differentiated tissues after birth. sensus Hox target site (TCAATTAAAT), and several mem-
bers of the Hox clustered superfamily, including Hox A10,
are expressed in C2C12 cells (L. Houghton and N. Rosen-
thal, manuscript in preparation).Characterization of Zbu1 Interaction with the
MLC Enhancer
DNA-Dependent ATPase Activity of Zbu1The Zbu1 DNA-binding domain was originally isolated
by its af®nity for the BMW box in the MLC enhancer. The The ability of Zbu1 to hydrolyze ATP was tested in a
biochemical assay with GST fusion proteins containing dif-speci®city of this interaction was further investigated by
electrophoretic mobility shift assays (EMSA) using the ferent Zbu1 domains. Whereas the control GST protein or
GST±Zbu1 770-996 had no detectable ATPase activityBMW probe and a bacterially expressed fusion of glutathi-
one S-transferase (GST) with the DNA-binding domain of above background, GST±Zbu1 30-368, containing the ATP-
binding domain, displayed a high level of ATPase activityZbu1. As seen in Fig. 8, the resulting fusion protein, GST±
Zbu1 30-368, bound to the BMW box, whereas the control in the presence of DNA (Fig. 10). The ATPase activity of
Zbu1 was stimulated more by single-stranded DNA thanGST had no detectable DNA af®nity. This complex was
competed by excess unlabeled BMW probe, but also by other by double-stranded DNA. In the presence of single-stranded
DNA, the speci®c activity of Zbu1 was measured at 25oligonucleotides containing mutations within and around
the BMW site and by an oligonucleotide containing an E pmol/mg/min ATP, which is within the range of activities
measured for other nucleic acid-stimulated ATPasesbox from the muscle creatine kinase (MCK) enhancer. In
contrast, SP1 and TFIID oligonucleotides competed less ef- (Laurent et al., 1993).
®ciently for Zbu1±DNA binding. In addition, GST±Zbu1
30-368 bound a random 15-bp oligonucleotide probe, which
was not bound by two myogenic transcription factors, GST± DISCUSSION
MyoD and GST±MEF2A (Kaushal et al., 1994). These re-
sults indicate that the N-terminus of Zbu1 has strong af®n- In this study we report the expression pro®le of the Zbu1
gene, encoding a DNA-binding member of the SWI2/SNF2ity for DNA, but as an isolated fusion protein fragment it
has low sequence speci®city when compared to other spe- superfamily. Several features of Zbu1 underscore its rela-
tionship to other family members. First, the Zbu1 codingci®c DNA-binding regulatory factors.
To test whether the DNA-binding speci®city of Zbu1 was sequence includes characteristic ATPase and helicase mo-
tifs, as well as a RING ®nger domain shared exclusivelyenhanced in the context of the full-length protein, the com-
plete Zbu1 coding region with an amino-terminal histidine with the RAD5, spRAD8, and RAD16 yeast proteins. Sec-
ond, the protein has a single-stranded DNA-stimulated AT-tag was subcloned in a recombinant baculoviral vector. His-
Zbu1 was partially puri®ed from baculovirus-infected cells Pase activity in vitro, similar to the ATPase activity seen
with the RAD25 and RAD3 proteins (Guzder et al., 1995;by Ni2/ af®nity chromatography as described under Materi-
als and Methods. The full-length fusion protein was tested Sung et al., 1987). These conserved regions may re¯ect func-
tional similarities shared by all members, which may re-for binding to the BMW E box by EMSA. The resulting band
shift (Fig. 9A) shows that the full-length Zbu1 protein had program chromatin for a number of different DNA transac-
tions (Hanawalt et al., 1994). Consistent with this view,increased speci®city for the E box motif, since a competitor
DNA identical in sequence to the probe was more effective the level of ATPase hydrolysis of the Zbu1 protein is compa-
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lished results), suggesting a lack of sequence speci®city.
However, the full-length protein displays increased speci-
®city for the E box motif (Fig. 9), suggesting that the confor-
FIG. 8. DNA binding of Zbu1 amino terminus. (A) Bacterially
produced GST (lane 1) or GST±Zbu1 30-368 (lanes 2±8) was tested
in binding assays using a double-stranded oligonucleotide con-
taining the BMW site and the adjacent HOX site from the MLC 1/
3 enhancer (see Materials and Methods). Unlabeled competitors
were used as indicated. (B) A 32P-labeled 15-bp random oligonucleo-
tide was tested for binding by GST (lane 1) and GST±Zbu1 30-368
(lane 2) and by the speci®c transcription factors GST±MEF2A and
GST±MyoD (lanes 3 and 4). The positions of the bound (B) and free
probe oligonucleotide are indicated.
rable to the yeast SNF2 protein in an in vitro biochemical
assay (Laurent et al., 1993). It is likely that unique functions
of different family members would be speci®ed by the non-
conserved regions, which presumably participate in selected
protein±protein or protein±DNA interactions.
Among the members of the SNF2/SWI2 superfamily, the
Zbu1 protein is distinguished by its DNA-binding proper-
ties. The unique DNA-binding region in the amino termi-
nus of the Zbu1 protein bears no sequence similarity to
other known DNA-binding proteins, nor is it similar to
CHD-1, the only other reported DNA-binding protein in
FIG. 9. DNA binding of full-length and native Zbu1. (A) His-the SWI2/SNF2 family (Delmas et al., 1993). The sequence
tagged full-length Zbu1 protein puri®ed from recombinant baculo-speci®city of the NH-terminal GST-fusion peptide is not
virus was tested in binding assays using an extended double-particularly stringent in DNA-binding assays, as demon-
stranded oligonucleotide containing the BMW site and the adjacentstrated by the ability of the competitor oligonucleotides
HOX site from the MLC 1/3 enhancer (see Materials and Methods).
bearing mutations in the BMW site or in the adjacent A/ Unlabeled competitors were used as indicated. (B) Southwestern
T-rich HOX region to compete for Zbu1 binding (Fig. 8). and Western analysis of differentiated C2C12 muscle nuclear ex-
Attempts to identify an optimal binding site for the GST± tract probed with the same BMW oligonucleotide as in (A) in lane
Zbu1 30-368 fusion protein using site selection assays 1, or with polyclonal anti-Zbu1 antibody in lane 2, or with poly-
clonal anti-Hox A10 antiserum in lane 3.(CASTing) has heretofore been unsuccessful (S.K., unpub-
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initially express the gene, starting with the embryonic heart
and only subsequently accumulating in skeletal muscle
(Fig. 7). The signi®cance of this expression pattern is not
clear; nevertheless, the high activity of the gene predomi-
nantly in adult postmitotic tissuesÐskeletal muscle, heart,
brain, lens, and mature spermÐsuggests a role in the main-
tenance of the differentiated state.
The potential function of the Zbu1 protein as a regulator
of gene expression in these cell types is suggested by prelim-
inary studies on the MLC enhancer, to which the N-termi-
nus of Zbu1 binds. Speci®cally, mutation of the BMW site
in the MLC enhancer had no signi®cant effect on the induc-
tion of linked CAT reporter activity in skeletal muscle cell
transfections. However, the same mutation produced a
marked increase in muscle-speci®c enhancer activity in
transgenic mice, compared to the activity of the wild-type
enhancer (E.C., U. Grieshammer, M. McGrew, and N.R.,
FIG. 10. Zbu1 DNA-dependent ATPase activity. Bacterially pro-
manuscript in preparation). Thus the putative target siteduced GST (6.5 mg), GST±Zbu 130-368 (2.7 mg), or GST±Zbu1 770-
for Zbu1 binding in the MLC enhancer is associated with996 (3.6 mg) was assayed for ATPase activity in the absence of DNA
negative regulation of gene expression in skeletal muscle(open bar) or in the presence of 1 mg of single-stranded DNA (solid
tissues.bar) or 1 mg of double-stranded DNA (strippled bar). Incubation
Paradoxically with its expression in normal postmitoticwas for 30 min. In the absence of added protein, the background
hydrolysis was 5.3 pmole/mg/min and was subtracted from the tissues, the Zbu1 gene is highly active in all tumor cell lines
given values. Similar results were obtained in three separate assays. tested. It remains to be determined whether the induction of
Zbu1 transcription in these cells, and particularly in Li-
Fraumeni ®broblasts after loss of p53 heterozygosity, is also
associated with a negative regulatory function. It is not yet
known what role Zbu1 might play in the progression towardmation of the DNA-binding domain in the context of the
rest of the protein may be important for its DNA-binding a transformed phenotype, since no variation in Zbu1 tran-
script accumulation was observed in ®broblasts from a p53-speci®city. Notably, native column-puri®ed HIP116 holo-
protein, which is identical to human Zbu1, had a reported null mouse (Macleod et al., 1995), even after whole body g-
irradiation.sequence speci®city for an unrelated motif in the SV40 en-
hancer (Sheridan et al., 1995), and a partial fragment 6D3 The chromosomal assignment of HIP116 has been pre-
viously reported (Lin et al., 1995; Sheridan et al., 1995) andhad an apparent speci®city for yet another unrelated se-
quence in the PAI-1 promoter (Descheemaeker, 1993). Since was demonstrated to be identical to that of Zbu1; thus, the
identity of the Zbu1 and HIP116 genes is con®rmed by theirneither of these sequences bear any obvious similarity to
the BMW site in the MLC enhancer used to isolate the Zbu1 colocalization in the human genome. Although numerous
chromosomal translocations have been mapped to the 3q25gene in this study, it is likely that its speci®city for different
DNA sequences in vivo depends upon other parameters, chromosomal region in acute myeloid leukemia and other
tumors, the Zbu1 locus is not rearranged in any cell DNAsuch as posttranslational modi®cations. It is also possible
that associations with other nuclear regulators modulate tested to date (A.T.L., unpublished results).
It has been proposed that the SNF2 family is composedthe DNA-binding speci®city of Zbu1 for particular DNA
sequence motifs in vivo. of evolutionarily distinct subfamilies that represent groups
of homologous proteins with similar function and activi-Other clues into the function of this novel protein may
be gained by analyzing its patterns of expression in different ties. On the basis of this evolutionary analysis, Zbu1 consis-
tently shares the highest degree of sequence identity withcell types. The only other SWI2/SNF2 family member to be
extensively characterized during vertebrate development is members of the RAD16 subfamily involved in DNA repair
(Eisen et al., 1995). Current work is focused on characteriz-brg1 (Randazzo et al., 1994), the mammalian homolog of
the Drosophila brahma gene which regulates homeotic gene ing the function of Zbu1 in vivo by targeted disruption in
mice and determining its potential involvement in control-transcription by chromatin recon®guration (Tamkun et al.,
1992). Unlike brg1, which is expressed throughout em- ling the accessibility and integrity of speci®c transcribed
genes in normal and transformed cells.bryogenesis (from 8.5 dpc), Zbu1 gene transcripts accumu-
late relatively late in mouse development (17±18 dpc) and
predominate in fetal skeletal muscle, heart, and brain, al- ACKNOWLEDGMENTS
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